


shallow aquifers. A lowering of the hydraulic gradient due to over-pumping in areas near the
coast may locally cause saltwater intrusion. In this paper, we will (1) describe spatial and depth
distributions of salinity; (2) identify sources and geochemical processes that gave rise to this
salinity; (3) describe spatial and depth distributions of arsenic and identify its origin; (4) describe
spatial and depth distributions of alpha, beta, and radon-222 activities and identify their origin;
and (5) evaluate changes in groundwater salinity with water-level declines in or near the cones of
depression. We discuss each of the above topics under separate sections.

Stratigraphy and Mineralogy

The Gulf Coast aquifer in Texas consists of five hydrostratigraphic units (from oldest to
youngest): (1) the Catahoula Tuff or Sandstone, (2) the Jasper aquifer, (3) the Burkeville
confining system, (4) the Evangeline aquifer, and (5) the Chicot aquifer (Baker, 1979). The
Catahoula Tuff or Sandstone mainly consists of pyroclastic and tuffaceous sandstone; the Jasper
aquifer mainly contains the Fleming and the Oakville formations, consisting of interbedded sand
and clay; the Burkeville confining system consists mainly of silt and clay; the Evangeline aquifer
has a high sand-clay ratio and contains sand beds tens of feet thick; and the Chicot aquifer
contains sand, clay, and gravel (Baker, 1979).

Sediments of the Gulf Coast aquifer were deposited in a fluvial-deltaic or shallow marine
environment (Sellards and others, 1932). Repeated sea-level transgression and regression and
basin subsidence caused development of cyclic sedimentary deposits composed of discontinuous
sand, silt, clay, and gravel (Sellards and others, 1932; Kasmarek and Robinson, 2004). Most of
the sediments of the Gulf Coast aquifer thicken towards the Gulf of Mexico. Faults that remained
active during sedimentation (growth faults) contributed to additional sediment thickness over
short lateral distances (Verbeek and others, 1979). Kreitler and others (1977) observed
appreciable vertical displacement and abrupt thickening of the Alta Loma Sand, placed at the
base of the Chicot aquifer in Harris and Galveston counties, which they attributed to faults. They
suggested that the fault zone that occurs between Harris and Galveston counties acts as a partial
hydrologic barrier separating the two partially independent flow systems and controlling
groundwater composition between these two counties. In addition, complexity of the Gulf Coast
aquifer is further advanced by numerous clay layers less than six feet thick contained within the
water-bearing units of the sand beds that retard vertical movement locally and may provide
different hydraulic heads to each sand bed (Gabrysch, 1984).

Numerous salt domes occur in the Gulf Coast aquifer (Beckman and Williamson, 1990), some of
which pierce through the shallow aquifers and reach near the land surface (Hamlin, this volume).
Morton and others (1983) reported that salt domes are abundant along the northern part and
nearly absent along the southern part of the Texas Gulf Coast.

In order to explain geochemical conditions for paragenesis of diagenetic minerals in the Oakville
Formation sand, Galloway (1982) postulated three hydrogeologic regimes: (1) the meteoric
regime that surrounds the basin margins where surface water infiltrates into the permeable strata
and moves in response to gravitation heads; (2) the elisian or compactional regime that expels
upward to outward connate water contained within the fine-grained sediments caused by
compressible or lithostatic stresses; and (3) the abyssal regime in the deep core of the basin fill
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that provides significant volumes of water due to permeability reduction by compaction,
cementation, and mineral dehydration reactions. Of these three regimes, the meteoric regime is
most dynamic, with several geochemical trends observed along flow paths: bicarbonate increases
moderately, chloride and total dissolved solids increase markedly, sodium to calcium ratios
increase with a reduction in calcium concentrations, pH decreases gradually, and Eh commonly
decreases abruptly. Galloway (1982) suggested that uranium mineralization in the Oakville
Formation and underlying Catahoula aquifers was caused by migration of compactional fluids
along deep-seated growth faults.

Mineralogical compositions of the Miocene-Pliocene sandstones that form the Gulf Coast
aquifers in Texas are poorly known. However, numerous investigations have been carried out to
determine mineralogical compositions of the Oligocene sandstones from the Frio and the
Catahoula formations (Loucks and others, 1979; Galloway, 1982). Quartz percentage in these
sandstones increases from 20 to 60 percent at the southern part of the Texas Gulf Coast to 50 to
85 percent at the northern part of the Texas Gulf Coast (Lindquist, 1977; Loucks and others,
1981). Feldspar decreases from 20 to 50 percent to 10 to 30 percent in the same direction.
Sandstones along the lower coast are rich in volcanic and carbonate rocks occasionally
containing caliche fragments (Lindquist, 1977). Carbonate rock fragments decrease and
metamorphic rock fragments increase towards the middle coast. Volcanic rocks dominate again
in the upper coast (Lindquist, 1977). McBride and others (1968) suggest that the lower Catahoula
Formation in northern Fayette County contains mainly tuff, with volcanic conglomerate and
sandstones dominant in the mid-section. Bentonite and alteration products of volcanic glass
(zeolite, calcium-montmorrilonite, and chalcedony) are widespread throughout the formation.
Caliches are common near the surface, which suggests that the land surface was occasionally
exposed to soil forming processes (McBride and others, 1968). Hoel (1982) observed that the
Goliad Formation is genetically and compositionally similar to the Catahoula and the Oakville
sandstones and contains a large proportion of orthoclase and plagioclase feldspars and volcanic
rock fragments, particularly south of the San Patricio-Refugio county line. Sellards and others
(1932) report that the Goliad Sand in South Texas is cemented by caliche containing more than
30 percent calcium carbonate. Gabrysch and Bonnet (1975) analyzed the mineralogical
composition of the clay beds and observed montmorillonite to be the main constituent of the clay
with minor amounts of illite, chlorite, and kaolinite.

Water Levels and Regional Groundwater Flow

A water table is generally a subdued replica of the land surface. Under topographic highs where
recharge occurs, water levels occur at shallow depths under unconfined conditions. Recharge
waters in the outcrop are typically fresh and reflect composition of the rainwater, except in arid
and semi-arid areas, where rainwater dissolves salts from the soils and percolates to the
groundwater in the outcrop. As the aquifer dips beneath lower permeability sediments,
groundwater becomes confined under increasing hydrostatic pressure due to the presence of
impermeable fine-grained clays and silts. In topographic lows (discharge areas), groundwater
flow is directed upward as a result of artesian pressure exceeding local hydrostatic pressure.
Groundwater becomes more saline in the deeper subsurface and in discharge areas due to its long
residence time and continued reaction with the aquifer minerals.
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Water-level maps for the Chicot, Evangeline, and the Jasper aquifers show that regional
groundwater flow is directed east towards the Gulf of Mexico (Figures 5-1, 5-2, and 5-3). We
note that groundwater pumping has caused significant water-level decline in parts of the Gulf
Coast aquifer (Figures 5-1 and 5-2). For example, water-level measurements from 2001 to 2005
show the presence of large cones of depression in Harris and Kleberg counties (Figure 5-2).
Major cones of depression change regional groundwater flow direction wherein groundwater
from the outcrop is diverted towards the center of the cone as opposed to allowing it to flow
towards the Gulf of Mexico (Figures 5-1 and 5-2). Hydrographs of selected wells from areas
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Figure 5-1. Water-level elevations and regional groundwater flow directions in the Chicot aquifer (includes
water-level measurements from 2001 to 2005).
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Figure 5-26. Relationships between alpha activity and well depth in the (a) Chicot aquifer, (b) Evangeline
aquifer, and (c) Jasper aquifer; relationships between alpha versus beta activities in the (d)
Chicot aquifer, (e) Evangeline aquifer, and (f) Jasper aquifer; and (g) relationship between alpha
and radon-222 activities in the Evangeline aquifer.
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Table 5-6.  Alpha activity in the Chicot, Evangeline, and Jasper aquifers.

Aquifer Alpha activity (pCi/l)

Minimum Maximum Mean Median  Percent exceedance Number of samples
Chicot aquifer 0 60 2.90 1.90 1.03 289
Evangeline aquifer 0 208 6.05 2.60 6.27 272
Jasper aquifer 0.20 39 4.45 2.65 3.41 117

Table 5-7. Beta activity in the Chicot, Evangeline, and Jasper aquifers.

Aquifer Beta activity (pCi/l)

Minimum Maximum Mean Median  Percent exceedance Number of samples
Chicot aquifer 0.00 80.00 4.96 3.60 0.34 289
Evangeline aquifer 0.60 33.00 6.72 4.65 0.00 272
Jasper aquifer 1.20 43.00 9.39 7.70 0.00 117

Relationships between Water-level Decline and
Groundwater Composition

Groundwater composition in interbedded sand and shale aquifers are commonly affected by
decline in water levels in wells. Initial pumping removes water from the sandier portions of the
aquifer that are readily removed due to higher hydraulic conductivity of the aquifer materials.
Continued pumping removes water from the more finer-grained clay beds that commonly host
more saline water. Under natural conditions, recharge to and discharge from an aquifer are in
equilibrium (Theis, 1940). In order to maintain a dynamic equilibrium in an aquifer, recharge
must equal to discharge. With continued groundwater pumping, natural discharge areas may
decrease, recharge areas may increase, and/or aquifer storage may decline.

Water levels in the Gulf Coast aquifer have declined by several hundred feet due to groundwater
pumping (Chowdhury and others, 2004; Kasmarek and Robinson, 2004). Water-level decline
causes expulsion of water from interbedded clays due to compaction and rearrangement of the
clays (Kasmarek and Robinson, 2004). Continued water-level decline may result in subsidence
of the land surface.

Methods

We developed hydrographs for selected wells using historical information from various parts of
the Gulf Coast aquifer in areas with large drawdown and/or land-surface subsidence (Harris and
Wharton counties) to document effects of water-level decline on groundwater composition. To
investigate the possible relationship between groundwater compositions and water-level decline,
we plotted TDS, Na, Cl, HCO3 and specific conductance values with water-level decline.
Relationships between groundwater composition and water-level decline as observed in three
wells are presented below.

Results

We selected a few wells from areas where water levels have declined historically and caused
land-surface subsidence (Figures 5-27a, 5-27b, and 5-27¢). We compared changes in
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Figure 5-27. Changes in groundwater composition with water-level declines during the historical record from
selected wells in Harris and Wharton counties.

120



groundwater composition in some of these wells with water-level declines through time. We
observed that groundwater composition does not appear to significantly change with water-level
declines (Figures 5-24b and 5-24c). In some cases, a slight but gradual increase in salinity was
observed (Figure 5-24a). However, in a few shallow wells, water-level decline is associated with
a freshening of the aquifer probably due to changes in the hydraulic regime that captures fresher
water from the outcrop.

Discussion

Groundwater quality commonly deteriorates with residence time in the aquifer. Therefore, in the
presence of unstable minerals in the aquifer, progressive water-rock interaction makes
groundwater more saline. Clays and shale beds contained within the aquifer are inefficient to
flush out connate water due to their low effective porosities. In the northern part of the Gulf
Coast aquifer in Texas, excessive groundwater pumping leads to clay compaction that causes
expulsion of water contained within the pore spaces of the clays (Kasmarek and Robinson,
2004). More than 25 percent of the groundwater in the northern part of the Gulf Coast aquifer is
believed to have been derived from clay compaction (Jorgensen, 1975; Kasmarek and Robinson,
2004). We attempted to evaluate to what extent groundwater becomes saline due to water-level
decline in wells.

In several wells, we observed that there are no significant changes in groundwater composition,
even though water levels declined by hundreds of feet (Figure 5-27b). Composition may not
change because water that is expelled due to clay compaction occurs through slow diffusive
processes, as compaction and subsidence is small over time. For example, Gabrysch (1984)
noted that land-surface subsidence was 0.5 feet from 1964 to 1973. Therefore, a small volume of
water that is expelled from the clays mixes and become diluted in the larger freshwater reservoir
in the aquifer. However, in some wells this deterioration in groundwater composition is more
pronounced where the groundwater becomes more saline with progressive water-level decline
(Figure 5-27a). This increase in salinity could occur if there is no significant mixing of the water
expelled from the clays or if the clays had relatively fresher connate water. Jorgensen (1977)
analyzed groundwater composition from clays at depths of 2 to 24 feet from Harris County. He
found that groundwater composition is highly variable, generally increases in salinity with depth,
and has specific conductance values that range from 586 to 2,120 micro-mhos (iumhos). In some
wells that we analyzed, we note a freshening of the groundwater with water-level decline,
possibly because pumping alters the natural hydraulic gradient and captures more fresh water
from the outcrop. Relationships between water-level decline and changes in groundwater
composition are discussed in more detail elsewhere (Chowdhury and others in prep.).

Conclusions

Fresh meteoric water containing less than 300 mg/I total dissolved solids occurs in numerous
wells throughout the Gulf Coast aquifer in Texas from near land surface to depths of about 2,000
feet. Sandstone compositions in the northern part of the Gulf Coast are more commonly quartz
arenite while to the south, sandstone compositions are more likely arkosic and greywackes
containing abundant feldspar and rock fragments. A dominant quartz composition of the aquifer
materials may have inhibited mineral reactions, thus retaining low dissolved solids content of the
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recharge water. Groundwater in the central and southern parts of the Gulf Coast aquifer contains
significantly more chloride, sulfate, and sodium than in the northern part of the Gulf Coast
aquifer. These differences in composition from north to south are related to varying lithologies,
rainfall levels, evaporation rates, and mineral reactions across the Gulf Coast aquifer. Cation
exchange that removes dissolved calcium from the water and replaces it with sodium ions
adsorbed on clay surfaces is a dominant process. This is supported from a gradual decrease in
Ca/Na ratio along flow paths from the outcrop towards the coast.

Local enrichment in groundwater salinity around salt domes was probably caused by dissolution
of halite that penetrates the aquifers at different stratigraphic intervals. This is supported by (1)
low bromide and low bromide to chloride weight ratios (~10™) in close proximity to salt domes,
particularly in Brazoria, Harris, and Orange counties and (2) molar Na/Cl ratios close to 1 in
samples close to the salt domes, as would be expected if dissolution of halite was the source of
this salinity. When we considered Br/Cl ratios from across the Gulf Coast aquifer in Texas, we
observed that most of the ratios are an order of magnitude higher than what would otherwise be
expected if groundwater was mainly affected by halite dissolution. These ratios are more typical
of seawater or connate formation water. Therefore, these Br/Cl ratios may suggest that some of
this groundwater is a mixture of fresh meteoric water and connate formation water that escaped
flushing during low sea-level stands, particularly in the central and the southern parts of the Gulf
Coast aquifer. Some of this water has very low modern carbon activity indicating their origin
from older recharge events. Local saltwater intrusion has occurred along the coast in Kleberg,
Aransas, Matagorda, and Brazoria counties as indicated by higher bromide and potassium
concentrations in these areas.

We observed that arsenic concentrations become enriched in progressing from the Chicot to the
Evangeline to the Jasper aquifers. More arsenic occurs in proximity to the uranium deposits
contained in the Catahoula Formation. Therefore, arsenic occurrence appears to be related to
possible dissolution of sulfides and/or desorption of iron oxides from uranium deposits and their
transport upwards into the Evangeline and the Chicot aquifers. However, arsenic is spatially
distributed at random suggesting a possible role of iron oxides and sulfides available locally in
the aquifer materials. Poor correlations between arsenic and Br/Cl ratios, chloride, and sulfate
suggest that arsenic was less likely to have been directly derived from upwelling of deeper saline
fluids. Comparison of oxidation-reduction potential with arsenic concentrations in several
groundwater samples from the Evangeline aquifer indicate that arsenic mobilization is highest
under slightly-reducing to slightly-oxidizing conditions, perhaps due to preferential dissolution
of iron sulfides and iron oxides in this environment.

A small portion of the samples that we examined exceed maximum contaminant levels in alpha
activity. Only about one percent of samples from the Chicot aquifer, six percent of samples from
the Evangeline aquifer, and three percent of samples from the Jasper aquifer exceed maximum
contaminant levels for alpha activity. We did not note preferential enrichment in alpha activity
with depth in the Chicot, Evangeline, or Jasper aquifers. However, there appears to be a spatial
bias with higher alpha activity in the southern and central parts than in the northern part of the
Gulf Coast aquifer. Higher alpha activity may be associated with higher concentrations of
uranium, relative abundance of volcaniclastics in the aquifer materials, and wider influx of
deeper formation brines in the area. Most of the groundwater analyzed from the Chicot,
Evangeline, and Jasper aquifers has low beta activity.
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Groundwater composition may or may not change with water-level decline, depending on local
hydrogeologic conditions. In several wells, we observed no significant changes in groundwater
composition, even though water levels declined by hundreds of feet. This may be due to
expulsion of connate water from the clays through diffusion and subsequent mixing and dilution
with the larger freshwater reservoir in the aquifer. In a few wells, groundwater becomes more
saline with water-level decline. This increase in salinity could occur due to an absence of mixing
of the connate water with the fresher water in the aquifer. Other wells show a freshening of the
aquifer with water-level decline, possibly because pumping alters the natural flow system,
capturing more fresh water from the outcrop.
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